Colliding molecules behave fundamentally differently at high and low collision energies. At high energies, a collision can be described to a large extent using classical mechanics, and the scattering process can be compared to a billiard-ball-like collision. At low collision energies, the wave character of the collision partners dominates, and only quantum mechanics can predict the outcome of an encounter. It is, however, not so clear how these limits evolve into each other as a function of the collision energy. Here, we investigate and visualize this evolution using a special feature of the differential cross sections for inelastic collisions between NO radicals and He atoms. The so-called "parity-pair" transitions have similar differential cross sections at high collision energies, whereas their cross sections are significantly different in the quantum regime at low energies. These transitions can be used as a probe for the quantum nature of the collision process. The similarity of the paritypair differential cross sections at high energies could be theoretically explained if the first-order Born approximation were applicable. We found, however, that the anisotropy of the NO-He interaction potential is too strong for the first-order Born approximation to be valid, so higher-order perturbations must be taken into account. Published by AIP Publishing. https://doi.
I. INTRODUCTION
Cold and ultracold atoms and molecules have received much attention in chemical, atomic, molecular, and optical physics in the last decades. [1] [2] [3] [4] [5] [6] [7] Methods have been developed to cool and slow down species to temperatures below 1 K, ranging from laser cooling and photoassociation to buffer-gas cooling and Stark deceleration, for instance. [8] [9] [10] [11] [12] One of the ultimate goals at these low temperatures is to achieve quantum control of atomic and molecular collisions. 13, 14 In these cold and ultracold regimes, collisions between atoms and molecules are completely governed by quantum mechanics and only one or a few individual partial waves determine the collision dynamics. This is completely different from collisions at high temperatures, where many properties of the collision can be understood in terms of classical mechanics and where many partial waves contribute.
The transition from the semiclassical regime at high temperatures to the quantum regime at low temperatures is often hard to grasp, and probing both regimes in one experiment is challenging. Here, we use the so-called "parity-pair" transitions in collisions between NO radicals and helium atoms to investigate the effect of the wave character on the scattering process. We study the collision energy dependence of this effect, starting at high energies and moving toward the quantum regime. a) Electronic mail: avda@theochem.ru.nl
The parity-pair transitions that occur in collisions between NO (X 2 Π 1/2 , j = 1/2, f ) radicals in their vibrational ground state (v = 0) and rare gas atoms are transitions to j , e and j + 1, f final rotational states that have the same parity p = (−1) j −1/2 , and the same value for n = j − /2. Here, j is the final rotational level of the NO molecule and and are the spectroscopic parity indices of the initial and final state, respectively, where states of e parity have = +1, while states of f parity have = −1. As first observed by Stolte and co-workers, [15] [16] [17] the differential cross sections (DCSs) for these parity-pair transitions are similar at relatively high collision energies of a few hundred cm −1 . This similarity could be explained using the quasi-quantum treatment (QQT). 16 Within this approach, the DCSs for two neighboring rotational states with the same parity p are similar, except for a different prefactor (j + 1/2). Other observations regarding the similarity of the parity-pair DCSs are discussed in Refs. 18 and 19. A weak coupling, direct Born scattering model that would directly explain the similarity of the DCSs for the parity pair considered in the present paper will be discussed in more detail in Sec. IV B.
Until now, the calculations and experiments for studying parity pairs have been performed at relatively high collision energies >500 cm −1 . Here, we study the collision energy dependence of the similarity of DCSs for parity pairs, both experimentally and theoretically. In the experiments, we use a Stark decelerator in combination with a velocity map imaging (VMI) detector. Thus, we obtained a high angular resolution allowing us to investigate the similarity of the parity-pair DCSs at the level of diffraction oscillations, which are the narrowest structures that occur in a DCS. We use the j = 1/2, f → j = 3/2, e and j = 1/2, f → j = 5/2, f transitions for NO + He as an example to show that these parity pairs provide a probe for the quantum nature of a scattering process. Theoretically, we study these collisions by means of quantum mechanical close-coupling (QM CC) calculations based on accurate NO-He potential energy surfaces (PES) from ab initio electronic structure calculations.
II. METHODS
In the experiment, we used a crossed beam scattering apparatus, in which we produced a well-defined packet of NO (X 2 Π 1/2 , v = 0, j = 1/2, f ) radicals with a mean velocity of 390 m/s using a Stark decelerator. These molecules intersected with a beam of He atoms under an angle of 45 • . The beam of He atoms was produced by cooling an Even-Lavie valve to a temperature of 30 K. By altering the temperature, we could produce beams of He atoms with a mean velocity ranging from 1710 to 590 m/s and thereby vary the experimental collision energy between 315 and 25.9 cm −1 . The scattered molecules were state-selectively detected using a two-color resonance enhanced multiphoton ionization scheme and a VMI detector. A more detailed description of the experimental setup can be found in the supplementary material of Ref. 20 .
We computed state-to-state DCSs with the V sum and V dif potentials given in the work of Kłos et al. 21 In the QM CC scattering calculations, we used a channel basis including all partial wave contributions up to total angular momentum J = 101.5 and all NO rotational levels up to j = 15.5 for collision energies up to 150 cm −1 . For the higher collision energies, all total angular momenta up to J = 200.5 and all NO rotational levels up to j = 20.5 were included. The renormalized Numerov method 22 was used for the propagation of the wavefunctions on a grid from 3.5 to 60 bohr. Cross sections were calculated for collision energies between 14 and 150 cm −1 in steps of 1 cm −1 and at additional energies between 200 and 700 cm −1 in steps of 100 cm −1 . At energies around the experimental collision energies, cross sections were calculated on a finer energy grid. The resulting ab initio calculated DCSs were then used in simulations that take the kinematics of the experiment into account to produce angular distributions and simulated images that can be directly compared with the measured images. 20, 23 
III. RESULTS
We measured scattering images at six different collision energies between 25.9 and 315 cm −1 . Figure 1 shows experimental scattering images for the j = 1/2, f → j = 3/2, e (top panels) and j = 1/2, f → j = 5/2, f (bottom panels) transitions at collision energies of 25.9 (left) and 315 cm −1 (right) as an example. These images are compared to the simulated images based on the calculated DCSs.
In Fig. 1 , it should be noted that the images become smaller with decreasing collision energy since the scattered products get smaller velocities. Moreover, at a collision energy of 25.9 cm −1 , the image for the j = 5/2, f final state is clearly smaller than the image for the j = 3/2, e final state because of the higher internal energy of the former state which leaves less kinetic energy. At a collision energy of 25.9 cm −1 , the angular structures in the images are different for the two parity-pair transitions-especially in the backward direction-while at an energy of 315 cm −1 , the two images look very similar.
The similarity of the parity-pair DCSs can be investigated further by inspecting the experimental and simulated angular distributions. Figure 2 compares the experimental (solid curves) and simulated angular distributions (dash-dotted curves) for the j = 1/2, f → j = 3/2, e (blue) and j = 1/2, f → j = 5/2, f (red) transitions at different collision energies. The insets show a comparison between the theoretically predicted DCSs for these transitions that are used as input for the simulations, i.e., before taking into account the kinematics of the experiment. In general, there is very good agreement between the experimental and simulated images and angular distributions. At high collision energies, the two transitions exhibit similar structures in the theoretical DCSs and in both the simulated and experimental angular distributions. When the collision energy is lowered, however, a shift can be observed between the diffraction oscillations in the angular distributions for the two transitions. At collision energies below 40 cm −1 , different structures are observed for the two transitions. Clearly, the similarity of the parity-pair DCSs breaks down when the collision energy is reduced. 
A. Similarity between parity-pair DCSs
To evaluate how the similarity of the DCSs for the paritypair transitions evolves as a function of collision energy, we compute the root mean square deviation (RMSD) as a function of energy,
where DCS 1 is the DCS for the j = 3/2, e final state, DCS 2 is the DCS for the j = 5/2, f final state,
the Euclidean norm of DCS 1 , and N is the number of angular steps in the DCS. An angular stepsize of 0.5 • was used for the theoretical DCSs at all energies. The stepsize in the experimental and simulated angular distributions varied with the collision energy, depending on the size of the image. To determine the RMSD, the experimental and simulated angular distributions were interpolated on a grid with a stepsize of 0.5 • .
The RMSD of the theoretical DCSs is shown as a function of the collision energy by the black solid curve in Fig. 3 . The green dots in this figure represent the RMSD of the experimental angular distributions, whereas the blue diamonds are the RMSD of the simulated angular distributions. In general, the theoretical, experimental, and simulated RMSDs show the same trends. The experimental RMSD is larger than the simulated one, which could be due to experimental noise. Moreover, it should be noted that all angles between 0 • and 180 • are taken into account to determine the theoretical RMSD, while the most forward scattered angles in the experiment and simulation are not taken into account due to the presence of the beamspot resulting from unscattered molecules. The theoretical, experimental, and simulated RMSDs all clearly increase at lower collision energies, reflecting the larger difference between the DCSs for the parity pairs.
For comparison, we also computed the RMSD for the neighboring j = 3/2, e and j = 3/2, f final states and for the j = 3/2, e and j = 5/2, e final states with the same spectroscopic parity index , as shown in Fig. 3 . Transitions to these final states do not form parity pairs and have rather different DCSs. Indeed, the RMSD for DCSs of parity-pair transitions is much smaller than the RMSD of DCSs for neighboring final states or final states with the same at high collision energies. At low collision energies, however, the RMSD is similar for all three situations.
B. Parity pairs probing quantum mechanics
At low collision energies, the wave character of the colliding particles plays a crucial role. The dashed red curve in Fig. 3 shows the ratio between the de Broglie wavelength λ and the equilibrium distance R e = 3.2 Å of the NO-He complex. This ratio may be considered as a measure of the quantum nature of the system and increases with lower collision energy. When approaching the quantum regime, the wave character of the colliding particles starts dominating the collision process, and the contributions from the individual partial waves become more important and more clearly visible in the DCS. This is illustrated in Fig. 4 , which shows the partial cross sections σ J for different total angular momenta J for the transition to the j = 3/2, e (blue dots) and j = 5/2, f final states (red dots) at collision energies of 25.9 and 500 cm −1 . At a collision energy of 500 cm −1 , partial waves with total angular momenta around J = 27.5 dominate the cross sections, and their relative contributions to the two transitions are similar. Therefore, similar potential matrix elements contribute to the scattering amplitude for the two transitions (see Sec. IV A). However, at a collision energy of 25.9 cm −1 , the cross sections are dominated by partial waves with much lower J values, and the contributions of the individual partial waves become important. The largest contribution to the cross section for the j = 3/2, e state comes from J = 6.5 in this case, while the contribution of J = 6.5 to the cross section for the j = 5/2, f state is less important and the maximum contribution instead comes from J = 5.5. Clearly, this results in different DCSs.
We also analyzed the contributions from single J values to the DCSs at 25.9 cm −1 . We found that the shift between the diffraction oscillations in the DCSs for the j = 3/2, e and j = 5/2, f states is reflected by the DCS contributions from J = 7.5 and J = 6.5, respectively, which is in line with the difference between the J values that give the maximum contributions. However, we also found strong interference between the contributions from different J values so that the total DCSs are not simply the sums of the individual J contributions. The increasing importance of specific partial waves at lower energies is a testimony of the increasing importance of the wave character of the colliding particles. Hence, the parity pairs studied here serve as a measure for the quantum nature of the collision process.
IV. ANALYSIS, BORN MODEL FOR PARITY PAIRS
In order to understand why the DCSs for parity-pair transitions are so similar at high collision energies, we first discuss QM CC calculations in which we only used a specific anisotropic term in the PES. Next, we apply the first-order Born model 24 to calculate the DCSs because this model might explain the similarity of the DCSs. We investigate, in particular, whether the anisotropy of the potential is sufficiently weak for the Born model to be applicable.
A. QM CC calculations with a truncated potential expansion
Let us first identify which part of the PES governs the parity-pair transitions, which are spin-orbit conserving transitions. In the Hund's case (a) limit, which is exact for NO in its j = 1/2 state and which is a very good approximation for all low j states, these transitions are determined by the potential V sum (R, γ) = (V A + V A )/2, where V A and V A are the adiabatic potentials calculated ab initio 21 in the plane of the complex. This potential V sum (R, γ) can be expanded in terms of Legendre polynomials P L (cos γ) as
where V L (R) are the expansion coefficients, R is the length of the vector R that connects the He atom with the center-of-mass of the NO molecule, and γ is the angle between the vector R and the internuclear axis of NO. Figure 5 shows the expansion coefficients up to L = 5 as a function of the distance R. The potential matrix elements for spin-orbit conserving transitions, i.e., transitions with Ω = Ω , are given by 25 j Ω JM |V |j Ω JM = (−1) j+j +J−Ω (2j + 1)(2j + 1)(2 + 1)(2 + 1)
Here, j is the total angular momentum of the NO molecule, Ω is the projection of j on the internuclear axis of NO, is the orbital angular momentum quantum number of the NO-He collision complex, J is the total angular momentum quantum number with space-fixed projection M, and (:::) and {:::} are Wigner 3j and 6j symbols, respectively. For the initial j = 1/2 state, it can be seen from the symmetry factor 1 2 [1 − (−1) j+j +L ] and the 3j and 6j symbols that transitions to final states j , e and j + 1, f are both directly coupled by the same V L term in the expansion of the potential. These transitions have the same final parity p and the same value for n and form a parity pair. The parity-pair transitions investigated here, with final states j = 3/2, e and j = 5/2, f, are both directly coupled to the j = 1/2, f initial state by the V 2 term (shown by the red dashed line in Fig. 5 ).
There is, however, no simple relation between these potential matrix elements and the cross sections. The cross sections are related to the scattering amplitude and, in particular, the DCS is directly given by the square of this scattering amplitude. 26 
where θ is the scattering angle, m and m are the spacefixed projections of j and , respectively, and T J j Ω ,j Ω is a T -matrix element, which is related to the corresponding S-matrix element by 27
The full S matrix can be found after solving the QM CC equations, in which the potential matrix elements of Eq. (3) appear in the so-called W matrix, which describes the R-dependent interaction between the channels. We investigate the effect of the V 2 term in the Legendre expansion of the potential that directly couples the j = 3/2, e and j = 5/2, f final states to the initial j = 1/2, f state by performing QM CC calculations with this term as the only anisotropic contribution to the potential. That is, we use the potential V sum (R, γ) = V 0 (R)P 0 (cos γ) + V 2 (R)P 2 (cos γ) and put V dif = 0. Figure 6 shows the DCSs for the two transitions computed with the full PES (blue) or with the truncated PES (red) at collision energies of 40 and 730 cm −1 . It can be seen in this figure that the truncated PES produces the same structures in the DCS as the full PES and only slightly overestimates the DCSs for both transitions and for both collision energies. This demonstrates that the similar behavior of the DCSs of the parity pairs is mainly determined by a single anisotropic term in the potential, both at high and at low collision energies.
B. Born approximation
When the interaction between colliding particles is weak and the interaction potential V only produces a small perturbation of the incident plane wave ψ a , one can use the Born approximation for the T matrix for a transition from state a to b, 28
The Born approximation in its simplest form uses free-particle wavefunctions as the unperturbed functions, which for our case would lead to
with  (k j Ω R) being a spherical Bessel function with wavevector k j Ω = 2µ(E − E j Ω ). Here, E is the total energy of the system and E j Ω are the energies of the states of the isolated NO molecule. The problem is, however, that free-particle waves extend to R = 0, well within the repulsive wall, where the interaction potential becomes very large and a free-particle wave is a bad zeroth order description of the system. So, instead, we apply a general- the interaction potential restricted to the isotropic term V 0 and use the V 2 term as the perturbation. This results in the expression
So, when this generalized Born approximation is valid, the potential matrix element in Eq. (3) that directly couples the initial and final states, in this case through the V 2 term, directly determines the scattering amplitude and the DCS. The similarity of the DCSs for parity pairs then follows naturally from the symmetry properties of the potential matrix elements.
The results of our calculations with this generalized Born model are summarized in Table I . In the first line of this table, one can see that when we included the full anisotropic V 2 term in the potential, the integral cross section (ICS) resulting from the Born model calculations is much larger than the ICS resulting from the full QM CC calculations. So, even at a relatively TABLE I. ICSs for the j = 1/2, f → j = 3/2, e transition at a collision energy of 730 cm 1 , resulting from QM CC calculations based on a truncated expansion of the potential and from the Born model. For both cases, V sum (R, γ) = V 0 (R)P 0 (cos γ) + ζ V 2 (R)P 2 (cos γ) and V dif = 0, where ζ is a factor used to scale the anisotropic V 2 term in the potential. The ICS from QM CC calculations with the full interaction potential is 2.28 Å 2 , which confirms that the truncation of the anisotropy in the potential has only a small effect on this cross section. high collision energy of 730 cm −1 , where the Born approximation should work best since it is based on perturbation theory, it breaks down. A further inspection revealed that the contributions to the ICS from high total angular momenta J, i.e., large impact parameters where the interaction is weak, are the same but that the contributions strongly deviate for smaller J. To further investigate the validity of the Born approximation, we scaled the V 2 term in the potential by factors ranging from 0.5 to 0.001 such that the anisotropic interaction gets weaker and weaker. For a scaling factor of 0.1, we already obtain reasonable agreement between the QM CC result and the Born model result; for scaling factors of 0.01 and 0.001, we get perfect agreement. One may notice also that the validity of the Born model naturally implies that the ICS becomes proportional to the square of the strength of the anisotropic interaction, i.e., to the square of the scaling factor. In conclusion, the V 2 term in the NO-He interaction potential is too strong for the first-order Born model to be applicable, even at high collision energies. We thus conclude that the idea that the Born model explains the similarity of DCSs for parity pairs must be rejected.
C. Other parity-pair transitions
So far, we only discussed a specific parity-pair transition for collisions between NO radicals and He atoms. Our approach can be extended, however, to different parity-pair transitions and collision partners. As described in Refs. 18 and 19, transitions to higher rotational states of the NO molecule generally involve multiple anisotropic terms in the expansion of the potential and higher-order mechanisms, or the so-called virtual transitions. Hence, the truncation of the potential to the isotropic and a single anisotropic term would not produce a similar DCS as the full potential, as shown in Fig. 6 . Moreover, transitions to higher rotational states of the NO 29 resulting in stronger interactions. Therefore, we expect larger differences between the DCSs of the parity-pair transitions for these higher excitations already at relatively high collision energies. This is confirmed by the RMSD values for parity pairs with different n values at a collision energy of 300 cm −1 , which are shown in Table II .
V. CONCLUSIONS
We have presented measured and computed DCSs for the so-called parity-pair transitions in collisions between NO radicals and He atoms. Both experimentally and theoretically, we observed a high level of similarity between the DCSs for the parity-pair transitions at high collision energies, as has been observed and computed in earlier studies. [15] [16] [17] [18] [19] Here, we could for the first time observe this similarity at the level of diffraction oscillations, which are the narrowest structures occurring in DCSs. At low collision energies, our high experimental angular resolution allowed us to observe a gradually increasing difference between the two DCSs of a parity pair.
In order to understand the mechanism leading to similar DCSs for parity pairs, we performed quantum mechanical close-coupling calculations both with the full anisotropic interaction potential and with only a single anisotropic term in this potential, viz., the V 2 term that directly couples the initial and final states involved in the transition for both members of the parity pair investigated. If this term could be taken into account in the first-order Born approximation, this would directly explain the similar DCSs of the parity pair. We found, however, that the V 2 term is too strong for the Born approximation to be applicable. Hence, we conclude that it is indeed the direct coupling term in the potential that produces the similar DCSs but that one must include this term to higher order to obtain realistic results.
The results summarized above show that parity-pair transitions can be used as a probe for the quantum nature of the collision process. The lower the collision energy, the smaller the number of partial waves that are involved in the collision, and the more important the contributions are from the individual partial waves. This is reflected in the increasing difference between the DCSs for parity-pair transitions when the collision energy is reduced.
